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INTRODUCTION 1
The peach-potato aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae), is a serious 2 worldwide insect pest of agricultural and horticultural crops, which, through its sap-3 sucking feeding habit, can transmit viral diseases.
1 Pyrethroids are a major class of 4 insecticides used to control this pest, but populations of M. persicae can rapidly 5 develop resistance to pyrethroids, leading to increased economic loss to agricultural 6 producers.
2 Pyrethroids target the insect voltage-gated sodium channel, a large trans-7 membrane protein composed of a single 260kDa polypeptide (the alpha subunit), which 8 contains four repeating and homologous domains (I-IV), with each domain being 9 constituted by six hydrophobic transmembrane segments (S1-S6). 3 The insect sodium 10 channel is similar in structure to the vertebrate sodium channel, containing different 11 allosterically coupled receptor-binding sites for various neurotoxicants, but the two 12 types of channel are distinguishable in the pharmacology. Therefore insecticides such 13 as pyrethroids can be specific for insect sodium channels, showing no effect on 14 mammals.
4,5

15
Pyrethroids are hydrophobic compounds, and are thought to bind to the lipid-16 exposed interface formed by helices IIIS6, IIS5, linker helix IIS4-IIS5 and the IS4-IS5 17 linker, 6, 7 affecting the functional properties of the sodium channel. By preventing closure 18 of the sodium channel, pyrethroids cause paralysis in insects.
5 However, with the 19 extensive use of pyrethroids, many insects have developed resistance to these 20 insecticides, associated with mutations in the sodium channel. The pyrethroid 21 resistance shown by M. persicae is typical of that seen in many species. [8] [9] [10] In aphids 22 carrying the kdr mutation, there is a leucine to phenylalanine substitution (L1014F) 23 within segment 6 of domain II (IIS6) of the channel protein, 11 around the problem of toxicity being dependent on injection into the body fluid of the 42 pest could be devised. 13 Recombinant fusion proteins, containing insecticidal peptides 43 or proteins fused to a "carrier" protein are a method, which gives oral toxicity to 44 neuroactive toxins.
14,15 The carrier protein transports the insecticidal peptide or protein 45 across the insect gut epithelium into the haemolymph, from which it can access the 46 central nervous system (CNS), which is the site of action. The mannose-specific lectin 47 from snowdrop (Galanthus nivalis agglutinin: GNA), which has been shown to transport 48 peptides into the insect haemolymph, is currently being used for making fusion proteins. 49 Fusion proteins containing GNA as a carrier possess good stability towards proteolysis 50 in the insect gut and high toxicity. family of four similar 36-37 residue peptides containing 8 cysteine residues which are 53 disulphide-linked to form a cysteine knot motif. Pl1a is specific for insect sodium 54 channels, causing paralysis, and has no adverse effects when injected into mice. 17 Assembly of expression constructs encoding Pl1a, PI1a/GNA and GNA and expression 100 of the recombinant proteins in the yeast Pichia pastoris have been described 101 elsewhere. 19 The fusion proteins, which contained C-terminal (His) 6 tags, were purified 102 by metal affinity chromatography, dialysed and lyophilised as previously described.
14-16
103
Expression constructs for Hv1a and Hv1a/GNA and production of recombinant proteins 104 have also been described previously;
16 the constructs used to express Hv1a and 105 Hv1a/GNA for this paper were modified by inclusion of a predicted pro-region for the 106 toxin. 27 Other recombinant proteins were produced as previously described. 15 Purified 107 proteins were analysed by SDS-PAGE for quantitation by comparison to standards run 108 on the same gel; proteins were also quantitated by using the BCA assay, and by 109 absorbance. 110 111
Bioassays on peach-potato aphid 112 7
Bioassay of aphids using liquid artificial diet was carried out as described by Prosser 113 and Douglas
28
. Adult aphids were transferred to control liquid diet, acclimatised for 24h, 114 and then neonate nymphs produced over the following 24h were transferred to 115 experimental diets, and allowed to develop to adult stage (8-9 days). 20 individuals per 116 treatment were used to perform the bioassays. Each assay was repeated 3 times. 117
Mortality was observed daily, and assays were continued until control aphids started to 118 produce nymphs. Nymphs were not counted but the presence or absence of progeny 119 was recorded. Effects of treatments on aphid growth were assessed by using Image J 120
Software to measure insect length. 121 122
Statistical analysis 123
Mortality data were analysed using survival curves, with a Kaplan-Meier test to 124 evaluate significance of differences (Origin 8.5 software). ANOVA analysis (with 125
Bonferroni-Dunn post-hoc tests) was carried out to determine any significant 126 differences between treatments in size parameters measured. Differences between 127 treatments were considered significant at a probability level p < 0. 
Toxicity of separate components of fusion proteins 136
Effects of toxins and GNA components of insecticidal fusion proteins on the strains of 137 peach-potato aphids (794J, UKO, 4824J and 4106A) were determined by bioassays in 138 which components were fed separately in liquid diet from neonate nymphs. 139
Concentrations were chosen to be equivalent to 1 mg/ml fusion protein. Results are 140 8 shown in Fig. 1 . None of the treatments caused more than 30% mortality over a 7-day 141 period of development against a background of no mortality in aphids on control diet; 142 survival analysis showed that most differences to control were not significant (effect on 143 survival by difference in survival curve; p > 0.05). The GNA carrier protein showed 144 significant effects on M. persicae survival (difference in survival curve; p < 0.05), in 145 agreement with previous reports that this protein is weakly insecticidal towards aphids 29 ; 146 it also caused growth retardation at the beginning in the bioassays,. although aphids 147 were able to recover from the effects and produced nymphs. There were no significant 148 differences in the effects of GNA between aphid strains. At the concentrations used, 149 the Hv1a toxin showed significant effects on M. persicae (30% mortality after 7 days; 150 effect on survival by difference in survival curve p<0.05), whereas Pl1a did not have a 151 significant effect, although both toxins have been shown previously to have some effect 152 on aphids when fed in diet. Once again, no significant differences between aphid 153 strains were observed in these assays. These data confirm previous observations that 154 the separate components of insecticidal fusion proteins have only limited insecticidal 155 effects when fed to M. persicae. 156 157
Toxicity of Pl1a/GNA recombinant fusion protein 158
Purified recombinant Pl1a/GNA fusion protein was fed to each M. persicae strain at a 159 range of concentrations, and survival curves were plotted for all treatments. Results for 160 feeding at 1 mg ml -1 are shown in Fig 2A. At this level, the fusion protein caused 161 complete mortality to strain 4106A (wild-type) after 7 days, but not in any of the 162 insecticide resistant strains, even after 11 days. The survival curves show significant 163 differences between strains 4106A (wild-type), 794J (kdr) and UKO (super-kdr) and the 164 controls not fed fusion protein (≥90% survival) (p < 0.05), confirming the insecticidal 165 activity of the treatment. However, the survival curve for strain 4824J (kdr + super-kdr: 166 90% survival over the assay) fed Pl1a/GNA at 1 mg ml -1 is not significantly different to 167 that for aphids fed control diet containing no fusion protein (p < 0.05). Survival curves9 for strains 794J (kdr) and UKO (super-kdr), which both show 40% survival over the 169 assay, differ significantly from controls, from wild-type survival, and from strain 4824J 170 survival (p < 0.05). Growth retardation was observed in all aphids exposed to fusion 171 proteins, but was least in strain 4824J (Fig. 2B) an estimated LC 50 of 1.76 mg ml -1 for Pl1a/GNA; recombinant protein at 2.0 mg ml -1 185 caused significant effects on survival, and treatment with 2.5 or 3.0 mg ml -1 of 186 Pl1a/GNA resulted in complete mortality (Fig. 2C) in all aphids exposed to fusion proteins (Fig 3B) , and no aphids exposed to treatment 201 were able to produce nymphs. Comparison of individual survival curves when 202 Hv1a/GNA was fed at 1 mg ml -1 suggested that strain 4824J (kdr + super-kdr) was 203 more tolerant to Hv1a/GNA than wild-type aphids (strain 4106A), (difference between 204 survival curves at p < 0.05) but that other differences were not significant. Assays at 205 other concentrations of Hv1a/GNA did not give consistently significant differences 206 between treatments, although the wild-type strain always showed greater susceptibility 207 to the fusion protein than the pyrethroid-resistant strains. , and are shown in Table 1 . The 211 estimated LC 50 values show no significant differences between any of the aphid strains 212 although the wild-type strain, 4106A, has a lowest LC 50 value. The uncertainties in 213 estimated LC 50 values are relatively large compared to the differences, but the fitted 214 dose-response curve for the wild-type strain differs significantly from the other curves 215 (p < 0.05), supporting the conclusion that this strain is more susceptible to Hv1a/GNA. 216 217
DISCUSSION 218
The insect sodium channel is a major target for conventional pesticides, such as 219 pyrethroids. The Pl1a toxin, which acts on the same target, could represent a novel 220 type of insecticidal component as a substitute to pyrethroids. The mode of binding of 221 this toxin would be expected to differ significantly from binding a small molecule 222 channel blocker like a pyrethroid, with contacts between the toxin and the channel 223 potentially extending over a wider area. However, Pl1a/GNA fusion protein exhibits 224 11 reduced toxicity towards pyrethroid-resistant peach-potato aphid (Myzus persicae) 225 strains, showing that the mutations, which remove sensitivity to pyrethroids, also affect 226 the binding of Pl1a. The mutations which give pyrethroid sensitivity are in domain II of 227 the sodium channel, with the mutation at L1014 in helix S6 and the mutation at M918 in 228 the linker between helices S4-S5. Changes to the spatial structure of domain II as a 229 result of these mutations presumably also disturb the binding of Pl1a to receptor site 4, 230 in domain II. However, although the bioassays show that mutations in domain II of the 231 insect sodium channel affect the insecticidal activity of the Pl1a/GNA fusion protein, 232 some toxicity is still observed, with a higher concentration of fusion protein required to 233 cause mortality in the pyrethroid-resistant kdr and super-kdr strains. This result implies 234 that either some interactions still exist between Pl1a and domain IIS6 or domain IIS4-235 S5 linker of the mutated sodium channel, or that Pl1a also binds to other sites on the 236 sodium channel to cause inactivation. The extracellular loops of IIS1-S2, IIS3-S4 are 237 thought to be the main binding sites of Pl1a, which are distinct from the pyrethroid 238 binding site but contribute to receptor site 4 for toxins. The change in the spatial 239 structure of domain II as a result of the kdr and super-kdr mutations may have a 240 relatively small effect on toxin binding in the interaction between Pl1a and the sodium 241 channel but may prevent the toxin inactivating the channel. The greater effect on 242 channel structure caused by combining the mutations at L1014 and M918 would be 243 expected to affect Pl1a binding more than single mutations, in agreement with the lack 244 of sensitivity to Pl1a/GNA shown by aphid strain 4824J. 245 As expected, when fusion protein containing the calcium channel-specific toxin 246
Hv1a is fed to aphids, there is no evidence for significant differential sensitivity between 247 insecticide-resistant aphid strains, since the strains differ in mutations to the sodium 248 channel. However, the observation that wild-type aphids are more susceptible to this 249 toxin is unexpected. Mutations in sodium channels present in strains 794J, UKO and 250 4824J would be expected to result in a fitness cost to M. persicae, similar to that 251 observed both for other insect-resistant aphids of this species, 30 Management 17: 11-14 (2006) . 288 3. Catterall WA, From ionic currents to molecular mechanisms: the structure and 289 function of voltage-gated sodium channels. Neuron 26: 13-25 (2000) . 
